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As a result of the 2011 off the Paciﬁc Coast of Tohoku Earthquake, ﬁve slope failures occurred in a residential area on artiﬁcial valley
ﬁlls in Taiyo New Town, Yamamoto, Miyagi Prefecture. The site was constructed by leveling a hilly area and using the cut materials as
ﬁll for the valleys to provide foundation ground for houses. The ﬁll material was sandy and was derived from the weathering of
tuffaceous sandstone which had formed the natural ground. Each of the ﬁve slope failures was observed to have occurred either at the
edge of the artiﬁcial valley ﬁlls or within the embankment sections that had been widened for road construction. Laboratory tests show
that the ﬁll, which had a ﬁnes content of Fc¼20%, had a very low liquefaction resistance, which further decreased with the application
of initial shear stress. A pseudo-static slope stability analysis, using conventional strength parameters, could not explain the slope failure
at one of the sites that failed, but it could explain the slope failure when the dynamic strength was used to represent the soil strength at
the slip surface. Thus, the slope failures in Taiyo New Town, at least at the one site analyzed in this study, could be attributed to the
liquefaction of the ﬁll material induced by the intense shaking.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V.
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With a moment magnitude of Mw 9.0, the gigantic 2011
off the Paciﬁc coast of Tohoku Earthquake caused
extensive damage to life and property in the Tohoku and
Kanto regions of the eastern part of Japan. Aside from the
devastation caused by the large-scale tsunami generated by12 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2012.11.015
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nder responsibility of The Japanese Geotechnical Society.the earthquake, many slope failures occurred in artiﬁcial
valley ﬁlls in sloping residential lands. Newspaper reports
indicated that as many as 950 slope failures in nine prefectures
occurred in such valley ﬁlls (Asahi Shinbun, 5/23/11 issue).
Fig. 1 shows the region in Sendai City where most of the slope
failures occurred.
Although located south of this zone, the town of Yama-
moto also had its share of earthquake-induced damage.
Almost 24 km2 of the town’s 64 km2 area, or about 38%,
was ﬂooded and destroyed by the large-scale tsunami
generated by the earthquake (GSI, 2011). Most of the
inundated area was on the eastern side of National Route
6 (see Fig. 1). In addition, several slope failures occurred in
the hilly areas located to the west of Route 6. In terms of
slope failures, one of the worst-hit areas was Taiyo Newg by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. Map showing location of Taiyo New Town, Yamamoto, as well as
other sites of failed slopes.
Fig. 2. Housing site foundation map of Taiyo New Town, showing thickness
distribution of cut and ﬁll sections (Fukken Gijutsu Consultant, 2008).
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the west of Route 6. The site was constructed by leveling the
hilly area and using the cut materials as ﬁll for the valleys in
order to provide viable land for residential purposes. Follow-
ing the earthquake and its major aftershocks, slope failures
occurred in ﬁve different sections of the land, damaging
houses, roads, a park and pipelines. At one of the failed sites,
the debris slid and covered a parking lot just on the side of
Route 6.
In the months that followed, site investigations were
performed by the authors in order to clarify the causes(s)
of the slope failures. Unfortunately, no information was
available regarding the original design of the residential
site, and therefore, a check of the adequacy of the factor
of safety adopted for the ﬁlls could not be performed.
Instead, the characteristics of the recorded ground motion
from a nearby seismic station were analyzed and micro-
tremor measurements were performed to characterize the
soil structure in the area. Moreover, samples were obtained
at several locations adjacent to the failed slopes, and
laboratory tests were conducted to investigate their geo-
technical properties. Finally, a slope stability analysis was
conducted in order to better understand the response of one
of the embankments to earthquake loading. The results
highlighted the seismic vulnerability of the residential areas
built on the artiﬁcial valley ﬁlls, like Taiyo New Town, that
were constructed with weak tuffaceous materials.2. Description of the area
The Taiyo New Town housing site is located at the
central part of Yamamoto, a coastal town on the southern
edge of Miyagi Prefecture, as shown in Fig. 1. It is located
in a hilly region to the west of Route 6, which traverses the
prefecture in an almost north–south direction. In fact,
Route 6 appears to be the dividing line between the coastal
plain on the east and the 40–50-m-high mountains (Wariyama
uplift zone) on the west of the prefecture.
The site of the residential area was developed in the
1970s by cutting and leveling off some parts of the hills and
using the excavated materials as ﬁll for the valleys. Fig. 2
shows the depth distribution of the cuts and ﬁlls in Taiyo
New Town. To level off the residential land, cuts as high as
10–15 m were made on the hills, while valley ﬂoors, as deep
as 15–20 m, were ﬁlled up using the materials cut from the
elevated regions. It can be observed that deep valleys
existed in the central portion and along the western
boundary of the site. The eastern side of the site adjacent
to Route 6 was also ﬁlled up to provide road access to the
site. The elevation of the ﬁlled-up residential site was about
35 m above mean sea level, with a typical ﬁll inclination of
1:1.5, except in sections near Route 6 where the inclination
was made safer at 1:1.8. The residential site has an area of
about 0.12 km2, and when the earthquake struck, more
than 200 houses had been built at the site.
An investigation of the local geology of the site revealed
that the original ground consisted of tuffaceous sandstone
of the Yamamoto Formation. Subsequent boring data
showed that the sandstone was weakly consolidated and
exhibited a high degree of weathering towards the surface,
with the surﬁcial layer turning into sandy soil. Thus, the
material used to ﬁll up the valleys consisted of sandy soil
from the weathered tuffaceous sandstone. Standard pene-
tration tests indicated that the sandy material used as ﬁll
had an average N-value of 5, while the highly weathered
top layer and the weathered layer of sandstone had
average N-values of 6 and 16, respectively.
Fig. 3. Acceleration time histories obtained from Yamamoto KiK-Net
seismic station: (a) at ground surface and (b) at GL-205 m (data from
KiK-Net, 2011).
Fig. 4. Fourier spectra of acceleration records obtained from Yamamoto
KiK-Net seismic station: (a) at ground surface and (b) at GL-205 m.
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About 2 km to the south of Taiyo New Town (see Fig. 1),
the National Research Institute for Earth Science and Disaster
Prevention (NIED) operates a KiK-Net seismic station
(MYGH10: Yamamoto Station) with digital strong-motion
seismometers installed on the ground surface and at a depth of
GL-205 m. The 2011 Tohoku earthquake triggered many
seismic stations in the area, including the one in Yamamoto,
and recorded strong motions. Fig. 3 shows the acceleration
time histories recorded at the station, both on the surface and
at a depth of GL-205 m, while Fig. 4 illustrates the corre-
sponding Fourier spectra of the acceleration records. The peak
accelerations recorded at a depth of GL-205 m were in the
range of 150–220 cm/s2 with a predominant frequency of
0.35 Hz. On the ground surface, on the other hand, the peak
values were much higher, 850–870 cm/s2, with the predomi-
nant frequency shifting to 4–6 Hz. The duration of signiﬁcant
shaking was rather long, about 120 s.
The soil proﬁle at KiK-Net Yamamoto Station is shown in
Table 1. It can be observed that tuffaceous sandstone with a
shear wave velocity of Vso770 m/s exists in the vicinity of the
seismometer installed at the bottom of the borehole. More-
over, the upper layer generally consists of pumiceous tuff and
tuffaceous sandstone. This proﬁle ampliﬁed the seismic
motion as it propagated towards the ground surface.4. Outline of damage
Following the 2011 earthquake and its major aftershocks,
slope failures occurred at ﬁve sites within the Taiyo New
Town housing site. The locations of the slope failures are
shown in Fig. 5. These failed or slid blocks were sequentiallynumbered, starting with Failed Block 1, which destroyed the
road along the eastern boundary of the housing site, going
counterclockwise to Failed Block 5 on the western side. Block
1 consisted of two landslides, referred to as Block 1–1 and
Block 1–2.
Comparing the locations of the failed blocks at the housing
site (Fig. 5) with the foundation ground map shown in Fig. 2,
it is clear that failed Blocks 1 and 2 occurred in the section of
ﬁlls which was widened to construct the road, while Blocks 3,
4 and 5 occurred along the edge of the valley ﬁlls. This
suggests that the ﬁll material, rather than the natural ground,
was involved in the slope failures.
4.1. Failed block 1
Block 1 consisted of two slope failures. The ﬁrst sliding
block, Block 1–1, caused settlement at the crest and laterally
ﬂowed down the sloping ground, as shown in Fig. 6(a). As a
result, a house located on the laterally moving ground tilted
and a 1-m-high vertical offset was created at the crest. The
block was about 54 m wide, 80 m long and 6.7 m deep.
Extensional cracks were also observed in the ground and the
road pavements. The adjacent failed block, Block 1–2, was
smaller in scale (40 m wide, 31 m long and 6.3 m deep) and
induced cracking in the road as the sliding mass moved.
In both cases, the surface of the road’s downslope was
pushed up as a result of the movement. The embankment
was widened at this site for the purpose of road construction.
Fig. 6(b) and (c) show the cross-sectional proﬁles of Blocks
1–1 and 1–2, respectively.
4.2. Failed block 2
About 50 m north of failed Block 1, the shoulder of an
embankment collapsed, sending debris 15 m below towards
Table 1
Soil proﬁle at Yamamoto KiK-Net seismic station (MYGH10) (data from KiK-Net website).
Depth to layer
bottom (m)
Thickness (m) Type of soil/rock Vp (m/s) Vs (m/s)
2.0 2.0 Clay 500 110
3.5 1.5 Clay 1750 250
8.0 4.5 Sandstone 1750 390
18.0 10.0 Conglomerate 1750 390
34.0 16.0 Sandstone 1750 390
42.0 8.0 Pumiceous tuff 1830 590
114.0 72.0 Tuffaceous sandstone 1830 590
142.0 28.0 Sandstone 1920 770
178.0 36.0 Tuffaceous sandstone 1920 770
208.0 30.0 Silt 1920 770
Fig. 5. Location of failed slopes at Taiyo New Town residential site.
Fig. 6. (a) View of crest at failed slope in Block 1–1 showing extensional
cracks and vertical offsets, (b) cross-sectional proﬁle of failed slope in
Block 1–1 and (c) cross-sectional proﬁle of failed slope in Block 1–2.
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It is apparent that the failure was conﬁned to the upper layer
consisting of ﬁll material. A house located at the crest of the
sliding mass was partially destroyed, while the roads posi-
tioned at the top and the midway of the slope were totally
destroyed, sending cracked pavements downward. The cross-
sectional proﬁle of the slope is shown in Fig. 7(b). Block 2 is
also located in a section of the embankment which was
widened to accommodate the road. The retaining wall in this
area (adjacent to the location of the left boring log in the
ﬁgure) collapsed as a result of the failure. The bottom
retaining wall (to the left of the ﬁgure near the main road)
remained standing, but was covered with debris. Just to the
north of the failed slope and down on the main road, a
reinforced retaining wall missed the landslide. This particular
retaining wall was constructed in 2008 when the section failed
following a heavy rainfall; the retaining wall was not damaged
by this earthquake.4.3. Failed block 3
The third failed block, Block 3, is located on the northern
edge of the slope adjacent to a steep ravine. In this section,
Fig. 7. (a) View of slope failure in Block 2 from parking lot below and
(b) cross-sectional proﬁle of failed slope in Block 2.
Fig. 8. (a) View at top of failed slope in Block 3 (at least three houses
were affected by movement and extensional cracks that developed) and
(b) cross-sectional proﬁle of failed slope in Block 3.
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of 15–20 m, and the ﬁll materials ﬂowed down the slope.
Fig. 8(a) shows the condition of the failed slope, while
Fig. 8(b) depicts the cross-sectional proﬁle of the slope. A
house adjacent to the road and located on top of the crest
tilted, together with the fence and road railings. Vertical
offsets in the order of 20–30 cm were observed near the
house, exposing its foundation and leaving the house
hanging precariously on its edge. Extensional ground cracks
were also observed near two other houses. Moreover, the
debris blocked drainage channels installed in the middle
of the slope. The end of the embankment was reinforced
with gabions; however, the gabions failed together with the
embankment.
4.4. Failed block 4
The fourth failed block, Block 4, occurred on the west
corner of the housing site. A small park was located at the
crest of the failed slope, and some playground facilities
tilted due to the lateral movement of the ground. Cracks,
with openings as wide as 10–20 cm, crisscrossed the surface
of the park (Fig. 9(a)). Under such conditions, the play-
ground was deemed unsafe. In a nearby road, cracks and
vertical offsets were visible. A large crack was also
observed adjacent to a manhole, exposing the structure.
Some U-shaped channels were seen in the middle of the
failed slope, presumably coming from the top section of
the road. A concrete block retaining wall, installed at thetoe of the embankment, collapsed as a result of the failure.
Fig. 9(b) illustrates the estimated cross-sectional proﬁle of
the slope.4.5. Failed block 5
Fig. 10(a) shows the ﬁfth failed block, Block 5, in the
western section of the site. A two-story house on top of the
slope was damaged due to vertical offsets and extensional
failure resulting from slope movement. The house was
tilted, exposing its foundation. Fences, railings and other
lightweight structures also collapsed. The road on the crest
of the failed slope subsided and the debris covered the
drainage channels. Portions of road pavements, as well as
damaged sewage facilities, were seen among the ﬂowed
debris. The soil debris was observed to consist of sand and
sandy soil, representing the material of the ﬁll. Fig. 10(b)
shows the cross-sectional proﬁle of the slope.5. Soil and site characteristics
To understand the characteristics of the ﬁll material, soil
samples were obtained adjacent to the failed blocks and
geotechnical laboratory tests were performed. In addition,
Fig. 9. (a) Extensional cracks at park located on crest of failed slope in
Block 4 (failure was toward right of photo) and (b) cross-sectional proﬁle
of failed slope in Block 4. Fig. 10. (a) View of slope failure in Block 5 (house hangs precariously on
edge of failed slope) and (b) cross-sectional proﬁle of failed slope in
Block 5.
Fig. 11. Grain size distribution curves of samples obtained from four
locations.
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slopes to determine the natural period of the embankment.
5.1. Geotechnical properties
Soils samples were obtained near the failed blocks in
order to investigate the geotechnical properties of the soil
used as ﬁll. Fig. 11 shows the grain size distribution curves
for the samples from the three sites. It can be seen that the
curves are fairly similar for all four locations, indicating
that the ﬁll materials were similar throughout the housing
site. The soil has a well-graded grain size distribution with
a ﬁnes content of Fc¼20%.
Samples obtained from the Block 2 site were quite
abundant and they were used in most of the geotechnical
laboratory tests. Index property tests, based on Japanese
Geotechnical Society standards (JGS, 2000), showed that
the density of the particles was 2.478 g/cm3, while the
maximum and minimum densities were 1.319 and 1.079 g/cm3,
respectively. Note that the latter values are quite small; a
possible reason is that maximum and minimum density tests
are designed for granular soils, not ﬁne soils, especially ones
with a ﬁnes content of Fc¼20%. A compaction curve is
shown in Fig. 12, where it is seen that the optimum water
content is wopt¼13.8%, corresponding to a maximum dry
density of rdmax¼1.822 g/cm3.
Next, monotonic drained and cyclic undrained triaxial
tests were conducted on the soil samples. In these tests, thereconstituted samples were prepared by the moist tamping
method and tamped sufﬁciently such that the dry density
was equal to 90% of the maximum dry density, i.e., a
degree of compaction of Dc¼90%. Using the obtained
maximum and minimum dry densities, this corresponds to
a relative density of Dr¼188%. The results of the mono-
tonic drained tests for conﬁning pressure levels of sc’¼50,
100 and 150 kPa are shown in Fig. 13. The soil shows
contractive behavior at all levels of applied pressure.
Fig. 12. Compaction curve for Block 2 samples.
Fig. 13. Results of consolidated drained triaxial tests.
Fig. 14. Liquefaction resistance curves of isotropically and anisotropi-
cally consolidated samples.
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drawn at the residual state and the strength parameters
were obtained. The results indicate the following values:
cohesion c’¼9 kPa and angle of internal friction f0 ¼31.7o.
Such an internal friction angle is considered low for this
type of dense sandy soil.
Cyclic undrained triaxial tests were performed on recon-
stituted samples under isotropically consolidated conditions.
The obtained liquefaction resistance curve, corresponding to a
double amplitude axial strain of eDA¼5%, is shown by the
solid circles in Fig. 14. It is seen that the liquefaction resistance
of the material is quite low, indicating the susceptibility of the
material to large deformation when shaken under saturated
conditions. This may be due to the high proportion of non-
plastic ﬁnes in the soil, which can decrease the liquefactionresistance (Hyodo et al., 2006), and to the density used
to prepare the reconstituted specimens. Note that for soil
specimens with a degree of compaction of Dc¼90%, the dry
density of the soil was taken as 1.64 g/cm3. According to
the Yamamoto Town Ofﬁce, dry densities ranging from
1.44–1.54 g/cm3 were obtained at the site based on previous
site investigations. Thus, although the density of the specimen
used in the test was higher than the in situ values, the
liquefaction resistance of the soil was low. Although the
location of the water table during the earthquake was not
conﬁrmed, this type of material will liquefy easily when
subjected to cyclic shearing induced by an earthquake, and
will fail due to the reduction in effective stress.
In order to simulate the presence of initial shear stress in
sloping grounds, such as in the present embankment, cyclic
undrained triaxial tests were also performed on anisotro-
pically consolidated specimens. Results for cases with
initial shear stress ratios of ss/2sc’¼0.30 (ss/2s3c’¼0.375)
and ss/2sc’¼0.375 (ss/2s3c’¼0.5) are also indicated in
Fig. 14, wherein ss is the initial deviator stress, sc’ is the
mean effective principal stress at the end of anisotropic
consolidation and s3c’ is the lateral cell pressure. In the
case of the anisotropically consolidated samples, the
liquefaction resistance was deﬁned in terms of a peak axial
strain ep¼5%. It appears that when the ﬁll material is
subjected to initial static shear stress, the liquefaction
resistance further decreases; such behavior is quite different
from that observed for other types of granular material
where liquefaction resistance increases with the application
of initial shear stress (Vaid et al., 1990; Hyodo et al. 1991,
1994; Hosono and Yoshimine, 2004). This conﬁrms that the
ﬁll material is indeed weak and susceptible to large
deformation under undrained earthquake loading.
Fig. 15 shows the stress paths and the stress–strain relations
for the cases of ss/2sc’¼0, 0.30 and 0.375. It can be observed
that in all cases, the effective stress did not decrease to zero;
however, large deformation suddenly developed after a certain
number of loadings. This is more pronounced in the cases of
ss/2sc’¼0.30 and 0.375. Thus, in both cases, failure occurred
as a result of large deformation.
Fig. 15. (a) Stress paths and (b) stress–strain relations for cases of ss/2sc’¼0, 0.30 and 0.375.
Fig. 16. Horizontal-to-vertical (H/V) spectral ratios obtained from microtremor measurements. (a) Near Block 1, (b) Near Block 3, (c) Near Block 5 and
(d) South of Block 5.
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To determine the natural period and other dynamic
characteristics of the ﬁll, microtremor measurements were
conducted on top of the embankment near the location of
the failed slopes. This method does not require any bore-
holes and is more convenient and cheaper than the
traditional borehole method. Plots of the horizontal-to-
vertical (H/V) spectral ratio of microtremors at each site
are shown in Fig. 16. The plots were done at two timeintervals, corresponding to the data recorded from t¼10 s and
from t¼120 s. Then, the method proposed by Nakamura
(1989) was used, in which it is assumed that the source effect
can be minimized by normalizing the horizontal spectral
amplitude (H) with the vertical spectral amplitude (V) and
that the shear wave dominates the microtremor; this results in
the H/V peak period and peak value itself corresponding to
the natural site period and ampliﬁcation factor, respectively.
Thus, from the obtained H/V peak period, the corresponding
natural site period was calculated. The results, summarized in
Table 2
Peak period of H/V spectral ratios obtained at each microtremor site.
Site Peak period (s)
Interval
starting
at 10 s
Interval
starting
at 120 s
Average
value
1—Near Block 1 0.836 0.589 0.71
3—Near Block 3 0.442 0.648 0.54
4—Near Block 5 0.706 0.635 0.67
5—South of Block 5 0.614 0.683 0.65
Fig. 17. Schematic diagram showing how PGA on top of ﬁlls was
calculated from KiK-Net recorded motions 2 km away.
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occurred have relatively long periods, i.e., greater than 0.5 s,
indicating that the soft deposits are generally thick in
these areas.6. Slope stability analyses
To explain the cause of failure, a preliminary analysis was
conducted considering the stability of the embankments
during the 2011 earthquake under different scenarios. For
this purpose, a pseudo-static slope stability analysis was
performed at the Block 1 site. The equivalent strong motion
at the top of the embankment (Point A) was determined from
the motion at the engineering bedrock (Point C) through the
procedure outlined in Fig. 17. Firstly, the model for the 1-D
soil proﬁle at the location of the KiK-Net seismic station
(Table 1) was veriﬁed using earthquake recordings obtained
during the previous smaller earthquakes of 1 September 2010
(PGANS¼2.5 cm/s2, PGAEW¼3.1 cm/s2) and 10 February
2011 (PGANS¼4.6 cm/s2, PGAEW¼3.8 cm/s2). This was
necessary in order to check if the small-strain moduli used
in the analysis could result in a good simulation of the
recorded motions. In both cases, the time history of the
acceleration recorded on the ground surface was used as input
and the acceleration at the bottom of the borehole (GL-
205 m) was simulated using the equivalent linear program
SHAKE (Schnabel et al., 1972). The resulting simulations,
although not given here, showed very similar time histories
and Fourier spectra of the at-depth accelerations when
compared with the recorded motions.
After conﬁrming that the model worked well for small-
amplitude earthquakes, the non-linear response of the soil,
due to the larger amplitude of motion resulting from the 2011
Tohoku earthquake event, was considered next, along with
the surface motion (Fig. 3(a)) used as input to simulate the
motion at GL-205 m (Fig. 3(b)). Due to space limitations,
details of the calculations are not presented here. Sufﬁce it to
say that the 1-D ground model at the seismic station site was
sufﬁciently validated. From the analysis using the 2011 ground
motions, the outcrop motion (2E) at the engineering bedrock,
Point C, was calculated for both N–S and E–W directions.
For the purpose of analysis, the cross-sectional proﬁle
for Block 1–1, shown in Fig. 6(b), was used. Using the
boring data obtained from ﬁeld tests and knowing that thenatural period of the site is 0.7 s (see Table 2), the soil
proﬁle and corresponding parameters were established, as
summarized in Table 3. The depth of the engineering
bedrock from the surface of the ﬁll was 34 m.
Finally, the strong motion obtained at Point C was used
as input (as outcrop motion, 2E) at Point B to determine
the surface acceleration at Point A. Since Points C and B
are just 2 km apart, the attenuation of motion was not
considered. Again, a seismic response analysis was con-
ducted and the obtained results showed PGAs at Point A
of 1322.6 and 1171.3 cm/s2 in N–S and E–W directions,
respectively. Using the equation for lateral seismic coefﬁ-
cient kh, proposed by Noda et al. (1975), the obtained
PGAs correspond to kh¼0.368 and 0.354, respectively.
Note that Noda’s method was based on a database
consisting of accelerations ranging from 100 to 400 cm/s2;
in the absence of another available method for estimating
the kh for PGAs41000 cm/s
2, it was deemed that this method
is appropriate. Further studies are recommended to estimate
the values of kh for extremely high accelerations, such as those
recorded during the 2011 earthquake.
In the pseudo-static analysis of slope stability, three
cases of ground models and slip failures were considered:
Case A, where the groundwater table is low (effect not
considered) and the slip surfaces are composite, Case B—1,
where the groundwater table is near the boundary between
the ﬁll and the sandstone and the slip surfaces are
composite and Case B—2, where the groundwater table
is near the boundary between the ﬁll and the sandstone
and the slip surface is circular. The applied slip surfaces
were chosen based on the observed failure pattern of the
block. In the analysis, the strength parameters obtained
from monotonic drained triaxial tests were used.
In addition to the analysis using conventional strength
parameters, a supplementary analysis was performed using
the results of cyclic triaxial tests instead. In such an
analysis, a two-stage approach is considered: (1) a static
analysis prior to the application of the seismic load and (2)
a dynamic analysis using the pseudo-static approach. In the
static analysis, the strength parameters obtained from con-
ventional tests (cohesion c and frictional angle f) were used.
Table 3
Soil proﬁle and soil properties for failed Block 1 site used in analysis.
Soil type Depth to layer
bottom (m)
H (m) SPT N-value gt (kN/m
3) gsat (kN/m
3) Vs (m/s) 4H/Vs (s)
Fill (sandy type) 6 6 4.7 17.5 18.9 128 0.19
Tuffaceous sandstone (strongly weathered) 12 6 6.7 18.6 20.6 149 0.16
Tuffaceous sandstone (weathered) 34 22 32.4 18.6 20.6 252 0.35
Predominant period ¼ 0.70
Fig. 18. Relation between dynamic strength and initial shear stress
obtained from cyclic triaxial test results.
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of shear resistance tsf and shear stress ts along the slip
surface (i.e., Fs¼tsf/ts), it is possible to estimate the
average static shear stress along the slip plane from the
known values of Fs and tsf. From Fig. 14, the cyclic shear
resistance ratios corresponding to N¼20 cycles were read
from the curves. Note that 20 cycles is usually taken as
the representative number of cycles applied to deﬁne the
liquefaction resistance of soils, as speciﬁed in many design
codes (e.g., JRA, 1996). For earthquakes of this magni-
tude, however, the number of representative cycles should
be large. In the absence of clear-cut guidelines on the
number of representative cycles for a magnitude 9 event,
N¼20 is deemed appropriate. Moreover, looking at the
gentle liquefaction resistance curves shown in Fig. 14, there
is not much difference if N is taken at 20 or 100 cycles. The
data read from the curves were used to plot the dynamic
strength ratio, tdf/tsf, as a function of the initial shear stress
ratio, ts/tsf, as illustrated in Fig. 18. Note that tdf¼tdþts,
i.e., the cyclic resistance, is added to the initial static shear
stress to obtain the dynamic strength. Thus, knowing the
average static shear stress along a slip plane, the corresponding
dynamic strength can be estimated. This is then used to
represent the soil strength in performing the pseudo-staticanalysis to compute the Fs for the earthquake load
speciﬁed in the JRA (1999) guidelines.
In the pseudo-static analysis conducted here, yield
acceleration ky, corresponding to the limit equilibrium
condition, Fs¼1.0, was calculated. For simplicity, the
value of ky was assumed to be constant throughout the
duration of the earthquake loading.
The results of the analysis are summarized in Table 4 for
all the cases considered, in terms of yield acceleration ky,
necessary for the limit equilibrium condition (Fs¼1.0),
while typical model slopes and critical slip surfaces are
shown in Fig. 19. For cases with composite failure
surfaces, the values for the slip surfaces employed here
are also indicated. Considering that the results of the
above-mentioned SHAKE analysis showed kh values of
0.35–0.37, the only condition where ky is less than these
values is the case involving the use of the dynamic strength
at the slip surface (Case B-2’); all other cases using
conventional strength parameters resulted in values of ky
that are higher than those induced by the 2011 earthquake.
For the conventional analysis to hold, kh should be at least
0.39 or a PGA on top of the ﬁll should be 1,570 cm/s2
(based on Noda’s equation); this value is deemed too large.
Thus, based on the calculations presented above for the
Block 1–1 site, it appears that the slope failure in Taiyo
New Town can be attributed to the liquefaction of the ﬁll,
especially near the interface between the top ﬁll layer and
the highly weathered tuffaceous sandstone. With the
development of excess pore water pressure, the ﬁll under-
went large deformation during the intense and prolonged
shaking induced by the gigantic Tohoku earthquake.
As mentioned earlier, the location of the groundwater
table during the earthquake was unknown. It is possible
that the groundwater table during the earthquake was
above the boundary between the original ground and the
ﬁll, making the generation of excess pore water pressure
during shaking viable.
Note that a slope stability analysis was performed on
only one block and that further analyses are recommended
for the other four sites which failed for the purpose
of clarifying that liquefaction was indeed the main cause
of the slope failures in Taiyo New Town. In addition, since
the PGAs recorded during this event far exceed the
database used in Noda’s method of estimating the seismic
coefﬁcient, further studies are suggested in order to ﬁnd
an appropriate method for estimating kh under large peak
ground accelerations.
Table 4
Results of pseudo-static analysis for failed embankment in Block 1.
Case Condition Strength parameters Yield acceleration, ky
Slip 1 Slip 2 Slip 3
A No water table; composite slip surfaces cd¼9 kN/m3, f¼31.7o 0.46 0.42 0.45
B-1 With water table; Composite slip surfaces 0.43 0.39 0.45
B-2 With water table: Circular slip surface 0.42
B-2’ With water table: Circular slip surface cd¼9 kN/m3, f¼31.7o; then changed to dynamic strength 0.24
Fig. 19. Model slope with critical failure surfaces. (a) Case A (no water table
with composite failure surfaces) and (b) Case B-2 (with water table and
circular slip surface).
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The gigantic 2011 off the Paciﬁc coast of Tohoku
Earthquake caused ﬁve slope failures in Taiyo New Town,
a housing site on artiﬁcial valley ﬁlls in Yamamoto Town,
Miyagi Prefecture. To understand the mechanism of the
slope failures, a ﬁeld inspection, a strong motion record
analysis, laboratory tests, microtremor measurements and
a slope stability analysis were conducted. The following are
the major observations from the site investigations and the
conclusions from the study presented herein:1. The residential site of Taiyo New Town was constructed
through the cut and ﬁll method. The original hilly ground
consisted of weakly consolidated tuffaceous sandstone,which showed a high degree of weathering towards the
surface and manifested itself as sand on the surface. Thus,
the ﬁll material used to ﬁll up the valleys was generally
sandy soil.2. The maximum surface acceleration recorded at the
Yamamoto seismic station was 850–870 cm/s2 with a
predominant period of 4–6 Hz. The estimated maximum
acceleration on top of the ﬁlls, based on the seismic
response analysis, was 1170-1320 cm/s2.3. Each of the ﬁve slope failures at the housing site was
observed to have occurred either at the edge of the
artiﬁcial valley ﬁlls or at embankment sections that had
been widened for road construction.4. The sandy ﬁll material had a ﬁnes content of Fc¼20%.
Even when compacted at a 90% degree of compaction, the
ﬁll material showed a very low internal friction angle and
low liquefaction resistance. Moreover, the liquefaction
resistance further decreased with the application of initial
shear stress.5. Microtremor measurements showed that the natural
periods of the ground near the failed sites were greater
than 0.5 s, indicating the large depth of the soft soil
layers.6. The pseudo-static slope stability analysis, using conven-
tional strength parameters, could not explain the slope
failure of Block 1, based on the assumption that Noda’s
method of estimating kh was valid for the high PGA
recorded during this earthquake. However, when the
dynamic strength (or liquefaction resistance) was used
to represent the soil strength at the slip surface, the yield
seismic coefﬁcient required to induce failure was lower
than the estimated seismic coefﬁcient on the ﬁll.7. Based on the analysis of one block, the slope failure in
Taiyo New Town may be attributed to the liquefaction of
the ﬁll material induced by the intense and prolonged
shaking. It is possible that during the earthquake, the
groundwater level was near the boundary of the original
ground and the ﬁll, making liquefaction possible.
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